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SUMMARY 

The purpose of t h i s  repor t  is t o  descr ibe the  t echn ica l  progress accom- 
p l i shed  during t h e  f i rs t  qua r t e r  of a 12-month research contract ,  No. KAS5- 
11595, f o r  NASA-Goddard Space F l i g h t  Center. The cont rac t  ob jec t ives  are. 
twofold: 
c e l l s  and ( 2 )  t o  determine whether s p u t t e r  deposi t ion of contact  mater ia l  i s  
compatible with present  so l a r  c e l l  configurat ions.  Contract e f f o r t  during 
t h i s  repor t ing  per iod w a s  concerned with contact  degradation s tudies  only. 

(1) t o  i d e n t i f y  t h e  Ti-Ag contact  degradation mechanism on S i  s o l a r  

Degraded and non-degraded S i  s o l a r  c e l l s  were subjec ts  of  a charac te r iza-  
t i o n  s tudy t h a t  employed a number of a n a l y t i c a l  t o o l s .  Among the  t o o l s  were 
a high power o p t i c a l  microscope, an x-ray diffractometer ,  an e lec t ron  micro- 
probe, an Electron Mirror  Microscope (EMM), and an Auger/LEED ul t rah igh-  
vacuum system. C e l l  configurat ions include as-received, peeled, and 1' angle- 
lapped c e l l s .  
and metal-semiconductor junct ion region. 

The angle-lapped o r  sect ioned c e l l s  expose the  p-n junc t ion  

Optical  examination of t h e  inter . face exposed by a peeled contact  almost 
without exception shows pronounced in te r fe rence  colors  as observed under 
white l i g h t .  T h i s  observation is  not expected from t h i n  opaque metal l ayers  
and suggests t h a t  t h e  metal l a y e r  (very l i k e l y  T i )  has  undergone some s o r t  
o f  chemical transformation t o  a more t ransparent  mater ia l .  

X-ray examination of Ti-Ag contac ts  revea ls  the  presence of well-cry- 
s t a l l i z e d  Ag but  does not  show evidence of c r y s t a l l i z e d  T i  o r  any other  com- 
pounds. 

Electron microprobe ana lys i s  c l e a r l y  demonstrates t h a t  T i  and a l s o  some 
Ag remain on t h e  S i  s o l a r  c e l l  subsequent t o  peel ing.  The peeled contact ,  
on t h e  other  hand, contains mostly Ag and a small  amount of T i  while no S i  
i s  found, with the  exception of very small  q u a n t i t i e s  i n  loca l ized  regions.  

ENM observations on as-received, peeled, and sect ioned c e l l s  revea l  some 
evidence of a d i e l e c t r i c  charging behavior which, of course, i s  not expected 
from conducting metal layers .  Charging appeared t o  be most pronounced on one 
non-peeled c e l l  w h i l e  less charging is noted i n  peeled c e l l s .  This is not  
completely understood a t  present  b u t  possibly the  high EMM r e t a rd ing  f i e l d  
e x i s t i n g  a t  t he  surface may tend t o  break down t h i n  d i e l e c t r i c  l aye r s  when 
not protected by the  conducting l aye r  of Ag. 

AugerlLEED measurements on a degraded c e l l  which has i t s  contacts  i n t a c t  
Auger spec t r a  have been recorded f r m  the  Ti-Ag contact  pad a r e  i n  progress.  

subsequent t o  a number of spu t t e r - s t r ipp ing  t reatments .  Auger peaks from Ag 
have been r e a d i l y  noted i n  Auger spec t r a  i n  addi t ion  t o  a peak at 90 eV ( S i )  
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and a t  183 eV (bel ieved t o  be e i t h e r  B o r  C1. 
v i t y  of these  measurements and an e f f o r t  i s  being made t o  reduce the  noise  
l e v e l .  

Noise is l imi t ing  the  s e n s i t i -  

A number of add i t iona l  experiments were performed on sect ioned c e l l s  and 
a l s o  on non-sectioned c e l l s .  These include sc r ib ing  experiments, sur face  
r e l i e f  f ea tu re s  as determined by the  Talysurf,  p o t e n t i a l  probing of  contacts ,  
I - V  c h a r a c t e r i s t i c s ,  and power d i s s ipa t ion  experiments. This work i s  des- 
c r ibed  i n  some d e t a i l .  

We conclude t h a t  t h e  contact  peel ing problem o r ig ina te s  within the  Ti-Ag 
metal l ized contact  and more than l i k e l y  near t h e  Ti-Ag i n t e r f a c i a l  region, if  
not within the  T i  l aye r  i t se l f .  The exac t  cause of contact  peel ing has not  
as y e t  been i d e n t i f i e d  b u t  evidence suggests  t he  T i  undergoes some chemical 
transformation such as, f o r  example, formation of an amorphous oxide or n i t -  
r i d e  of T i .  The contact  peel ing problem does not,  on the  other  hand, appear 
t o  be due t o  f a i l u r e  a t  t h e  Si-metal  i n t e r f a c i a l  region. 
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SECTION I 

Introduction 

Background.- One of t h e  most s e r ious  problems current ly  encountered 
with NASA S i  s o l a r  c e l l  a r r ays  is t h e  power degradation t h a t  occurs during 
prelaunch s torage .  S imi l a r  degradation has a l s o  been reproduced a t  Goddard 
Space F l i g h t  Center by exposing S i  s o l a r  ce l l s  t o  95% relative humidity a t  
80°C. Power de- 
gradat ion has been d i r e c t l y  a t t r i b u t e d  t o  t h e  Ti-Ag contacts  employed on S i  
ce l l s .  
S i  and t h i s  e f f e c t  i s  character ized by contact  peel ing and b l i s t e r i n g .  Be- 
cause replacement of defect ive ce l l s  is a very c o s t l y  and time-consuming 
task ,  it is  of utmost importance t o  determine t h e  cause of contact  degradation 
and t o  take  co r rec t ive  ac t ion .  One of t h e  ob jec t ives  of t h i s  one-year in-  
v e s t i g a t i o n  is  t o  i d e n t i f y  t h e  cause of Ti-Ag contact  degradation and t o  
recommend t o  t h e  indus t ry  guidel ines  f o r  f a b r i c a t i n g  non-degrading Ti-Ag con- 
t a c t s  f o r  S i  s o l a r  ce l l s .  

Degradation i n  t h i s  case proceeds a t  an accelerated rate,  

The contacts  f requent ly  l o s e  t h e i r  int imate  bond t o  t h e  underlying 

The second object ive of t h i s  i nves t iga t ion  is  t o  determine t h e  f e a s i b i -  
l i t y  of using physical  spu t t e r ing  i n  t h e  deposi t ion of metal contacts  t o  s o l a r  
ce l l s  and includes t h e  study of t h e  e f f e c t s  of spu t t e r ing  on the  c e l l  junc- 
t i o n  p rope r t i e s  and t h e  physical  p rope r t i e s  of t h e  sput tered contacts .  

Contract work t o  da t e  has been concerned e n t i r e l y  with t h e  s tudy of con- 
t a c t  degradation and it i s  t h e  purpose of t h i s  r e p o r t  t o  present  t h e  f i r s t  
qua r t e r  f indings.  

S i  s o l a r  c e l l s  i n  var ious s t ages  of degradation were supplied t o  us by 
NASA-Goddard Space F l i g h t  Center. These ce l l s  a r e  2 cm x 2 cm n- on p-type 
S i  with 6 Ti-Ag g r i d  l i n e s  extending from t h e  Ti-Ag ohmic s t r i p  contact  as 
i l l u s t r a t e d  i n  Figure 1. The dimensions of t h e  contacts  vary somewhat among 
t h e  ce l l s  and those shown are only t y p i c a l  values. The contacts  are deposi ted 
by conventional evaporation techniques. 
deposited onto t i r -ox id i zed  S i ,  t h e  thickness  of t h e  oxide being extremely 
t h i n  (20 t o  50 A ) .  A r e l a t i v e l y  t h i c k  Ag f i l m  o f  t h e  order of 1 t o  10 I-L i n  
thickness  i s  subsequently deposited on the  T i .  A similar b u t  l a rge  area 
Ti-Ag con tac t  i s  a l s o  made t o  the  bottom surface of t h e  c e l l .  The contacts  
are subsequently s i n t e r e d  f o r  a f e w  minutes i n  forming gas a t  -600°C. 

A t h i n  (500 t o  5000 8) f i l m  of T i  i s  

Scope of Work.- The scope of t h e  work performed t o  date is  i l lus t ra ted  
i n  Figure 2, where t h e  var ious techniques and t o o l s  which have been employed 
i n  t h i s  s tudy are shown. Work has centered, f o r  t he  most p a r t ,  on ce l l s  
which e x h i b i t  r a t h e r  severe degradation, f o r  it is  f e l t  t h a t  t h e s e  c e l l s  w i l l  
show t h e  e f f e c t s  of degradation more clearly. I n  some cases  c e l l s  which show 
l i t t l e  o r  no degradation have a l s o  been included f o r  comparison purposes. 
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Grid Lines 
Width -0.25 mm 

1.6 mm 
Ohmic S t r i p  Contact 

\ 

Figure 1 An i l l u s t r a t i o n  of a t y p i c a l  2 x 2 cm 
S i  s o l a r  c e l l  with Ti-Ag contac ts .  
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Figure 2 A n  i l l u s t r a t i o n  depic t ing  the  scope 
of work performed during the  report ing 
period. 
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Our s tud ie s  have been concentrated on Ti-Ag contacts  found on t h e  t o p  o r  
a c t i v e  surface of t h e  c e l l ,  f o r  these contacts  are causing most of t h e  prdb- 
lem; however, contact  peel ing i s  a l s o  observed t o  some degree on t h e  bottom 
Ti-Ag contac t .  Some sect ioned c e l l s  were a l s o  included i n  t h i s  work. These 
c e l l s  a r e  1' angle lapped t o  expose i n  depth t h e  Ti-Ag contact,  t h e  junc t ion  
of t h e  metal contact  t o  t h e  S i ,  and t h e  p-n junction. 
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SECTION I1 

Technical Discussion 

Optical  Inspection.-A number of c e l l s  were examined with t h e  Re.ichert 
Optical  Microscope under medium and high power magnifications.  
and black and white photographs were taken t o  document t h i s  work. 
productions of a few black and white photographs a re ’g iven  here. 
was taken from a c e l l  which has  the  Ti-Ag contact  i n t a c t .  
se rva t ion  i s  where the  g r i d  l i n e  meets t h e  ohmic s t r i p  contact .  Note t h a t  
t he  Ag overlayer has some s t r u c t u r e  i n  the  form of a grainy-l ike appearance 
and t h i s  s t ruc tu re  i s  found t o  propagate t o  the  very edge of t he  contact .  
Examination of  p a r t i a l l y  peeled c e l l s  suggests t h a t  t h e  s t r u c t u r e  a l so  pro- 
pagates i n  depth throughout most of t h e  metal l ized layer ,  as similar s t r u c -  
t u re  i s  f requent ly  observed on t h e  i n t e r f ace  exposed by a peeled contact .  

Both co lor  

Figure 3 
Only r e -  

The region of ob- 

The exact  o r ig in  of t h i s  s t r u c t u r e  is not  present ly  known. It may 
possibly r e f l e c t  an e f f e c t  of s t r e s s  t h a t  is re leased  during cooling subse- 
quent t o  the  600°C s i n t e r i n g  treatment.  Differences i n  thermal  expansion 
coe f f i c i en t s  could cause gross s l i p  t o  develop i n  the  metal l ized contact .  
The s t ruc tb re  does. not, on the  other  hand, appear t o  be due t o  s ing le  cry- 
s t a l  grains  separated by gra in  boundary because the  gra in  s i z e  would be i n  
the  10 t o  50 p range which i s  one t o  two orders  of magnitude l a r g e r  than 
observed i n  the  x-ray d i f f r a c t i o n  s tud ie s  reported l a t e r .  

A t  some’khat higher magnification (450X), as  shown i n  Figure 4, f i n e r  
s t ruc tu re  i s  noted i n  the  form of small p i t s .  

Optieal  examination was made on a number of c e l l s  t h a t  exhibi ted pro- 
nounced peel ing tendencies and on c e l l s  whose contacts  were in t en t iona l ly  
s t r ipped .  Str ipping was done w i t h  a razor  blade and tweezer. Frequently 
the  e n t i r e  contact  including the  ohmic s t r i p  and g r i d  l i n e s  i s  removed in-  
t a c t .  It should be noted t h a t  a l l  c e l l s  could not be in t en t iona l ly  s t r ipped  
and t h i s  apparently r e f l e c t s  va r i a t ions  i n  the  degree of contact  degradation 
among c e l l s .  The most s t r i k i n g  observation on peeled or s t r ipped  c e l l s  is 
t h e  appearance of colors  on the  exposed surface of t he  c e l l  as  viewed under 
white l i g h t  conditions.  Frequently one or two colors  a r e  predominant over 
t he  in t e r f ace  such as  shades of blue, brown, and yellow. A t  times, mult iple  
in te r fe rence  co lors  a re  found. Examination of t h e  exposed surface of t h e  
peeled contact  normally shows a me ta l l i c  appearance although the re  were ex- 
cept ions t o  t h i s .  

The observation of colors  a t  the  peeled in te r face  ind ica t e s  t he  pre- 
sence of a substance having a low o p t i c a l  absorption coe f f i c i en t  such as, 
f o r  example, a metal oxide o r  n i t r i d e .  
a high o p t i c a l  absorption coe f f i c i en t  and do not  general ly  exh ib i t  

Most metals including T i  an$ Ag have 
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Figure 3 Typical appearance of Ti-Ag contact. 
Magnification is l5OX. 
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Figure 4 Fine structure is noted in the fom of small 
pits. Magnification is 450X. 
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interference colors  i n  t h i n  f i l m  form. 
r a the r  extensive chemical transformation may be taking place i n  the  r e g i o n -  
of  the  contact  where peel ing occurs. The small amount of oxygen present  i n  
the  form of Si02 onto which the  T i  is evaporated does not appear t o  be  
s u f f i c i e n t  t o  explain these  f indings.  

These r e s u l t s  then suggest t h a t  some 

Close inspect ion of severa l  c e l l s  subsequent t o  s t r i p p i n g  found a por- 
t i o n  of t he  contact  s t i l l  remaining on t h e  cell,  s p e c i f i c a l l y  a t  the  edge of 
t h e  Ti-Ag contact  where it is  overlapped with the  S i 0  layer .  
hesion i s  apparently present here.  
as  shown i n  Figure 5. 

Greater ad- 
Overlap with S i0  does not  always occur, 

X-Ray Dif f rac t ion  Studies.- X-ray d i f f r a c t i o n  is an invaluable t o o l  
f o r  determining c r y s t a l  s t ruc tu re  and l a t t i c e  constants of s o l i d s .  The pur- 
pose of employing x-ray d i f f r a c t i o n  here w a s  t o  i den t i fy  the c r y s t a l l i n e  
nature  of Ti-Ag contacts .  For example, if  T i  and Ag r e t a i n  t h e i r  character-  
i s t i c  bulk c r y s t a l l i n e  s t ruc tu re ,  then x-ray d i f f r a c t i o n  should revea l  t h i s  
s t ruc tu re  i n  the  x-ray pa t te rn .  Similar ly ,  well-defined in t e rme ta l l i c  or 
other  compounds of T i  or Ag a l s o  may be i d e n t i f i e d  provided such compounds 
a re  s u f f i c i e n t l y  wel l  c rys t a l l i zed .  

Two common methods of x-ray d i f f r a c t i o n  were employed. In  the  f i r s t ,  a 
coll imated beam of  x-rays was made t o  impinge on t h e  specimen under study 
(Ti-Ag contac t )  and the  d i s t r i b u t i o n  of s c a t t e r e d  x-rays was detected by 
f i l m  s e n s i t i v e  t o  x-rays. In  the  case of forward r e f l ec t ion ,  the  incident  
x-ray beam was d i rec ted  a t  a small  angle with respect  t o  the surface of t h e  
specimen ( -15') as shown i n  Figure 6a and the  forward-scattered x-rays were 
detected.  In back r e f l e c t i o n  the  inc ident  beam was d i rec ted  normal t o  the  
specimen surface as shown i n  Figure 6b and the back-scat tered x-rays de- 
tec ted .  Figures 7a and 7b show the  forward- and back-ref lect ion pa t te rns ,  
respect ively,  as taken from a Ti-Ag contact .  
-3 cm was used. In  Figure 7a, two f a i r l y  well-resolved a rc s  a re  noted i n  

addi t ion t o  a number of elongated spots .  It has been es tab l i shed  t h a t  t he  
arcs  a re  c h a r a c t e r i s t i c  of po lycrys ta l l ine  Ag, the  inner  a rc  being due t o  
r e f l e c t i o n  from (111) planes while the  outer  a r c  i s  from (200) r e f l e c t i n g  
planes. A port ion of a t h i r d  a rc  can a l s o  be seen i n  the  upper lef t -hand 
port ion of Figure 7a and is due t o  (220)  r e f l e c t i n g  planes.  The elongated 
spots a re  r e f l ec t ions  from t h e  underlying S i  s ing le  c r y s t a l  and show t h a t  
the incident  and d i f f r a c t e d  beams can penetrate  t o  some exten t  through the  
Ti-Ag contact .  The d i f f r a c t i o n  a rc s  from Ag a r e  not  uniformly intense over 
a given arc  and t h i s  i s  well-known t o  be an e f f e c t  of prefer red  or ien ta t ion ,  
i . e . ,  the  Ag c r y s t a l l i t e s  are not randomly or ien ted  b u t  possess some pre- 
f e r r ed  or ien ta t ion .  There is  evidence of some r e l a t i v e l y  la rge  Ag c r y s t a l -  
l i t e s  ( i n  the  micron range), as observed from well-resolved spots  t h a t  f a l l  
i n  t h e  a rcs .  These a re  found predominantly where t h e  a rc  i s  most intense.  
Some r a d i a l  s t reaking  i s  a l so  noted here and i s  not c h a r a c t e r i s t i c  of well-  
c r y s t a l l i z e d  Ag, but  r e f l e c t s  a v a r i a t i o n  i n  l a t t i c e  constant  of Ag. This 

A specimen-to-film spacing of 

8 



Figure 5 A Ti-Ag g r i d  l i n e  t h a t  exposes S i  on both 
edges of t h e  contac t .  Magnification i s  8 0 X .  
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Film 

Figure 6 An illustration of (a) forward reflection, 
(b) back reflection, and (c) powder camera 
methods of x-ray diffraction. 
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Figure 7 A Laue forward-reflection pattern is shown 
in (a); a back-reflection pattern in (b). 
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is  very l i k e l y  caused by s t r a i n  present  i n  the  Ag layer .  S t r a i n  can be of 
a mechanical nature  o r  poss ib ly  an e f f e c t  due t o  the  incorporation of fo r -  
e ign atoms i n  the  Ag l a t t i c e  ( T i ,  f o r  example). 
found i n  t h e  pa t te rn .  

No d i r e c t  evidence of T i  is 

The back-ref lect ion pa t t e rns  of Figure 7b show port ions of s eve ra l  a r c s  
and well-resolved d i f f r a c t i o n  spots  c h a r a c t e r i s t i c  of t he  (111) or i en ta t ion  
of S i .  The a rc s  again a r e  r e f l e c t i o n s  from Ag. No'evidence of T i  is found. 

The powder camera method of x-ray d i f f r a c t i o n  was the  second method 
employed, as i l l u s t r a t e d  in Figure 6c. 
w a s  several-fold.  F i r s t ,  t h e  forward- and back-ref lect ion techniques des- 
cr ibed above d id  not  de t ec t  any c r y s t a l l i n e  T i  o r  any other  possible  com- 
pounds i n  the  contact region and therefore  it was of i n t e r e s t  t o  note if  
t h i s  method could de t ec t  any. Second, only very small powder samples a re  
required and t h i s  permitted samples t o  be prepared from the  peeled i n t e r -  
face region where T i  and possibly other  compounds may e x i s t .  
carnera method a l s o  gives more accurate measurements of the  l a t t i c e  constants .  

The purpose of using t h i s  technique 

The powder 

Powder specimens were prepared by scraping mater ia l  t h a t  remains on t h e  
s o l a r  c e l l  subsequent t o  peeling. 
r i ch  i n  T i  or i n  compounds of t he  same. Samples prepared i n  t h i s  manner 
were mounted i n  the powder camera and exposed t o  x-rays f o r  times of t he  
orders of hours. A t y p i c a l  x-ray f i l m  is shown i n  Figure 8. A l l  d i f f r a c -  
t i o n  l i n e s  i n  t h i s  case a re  found t o  be c h a r a c t e r i s t i c  of S i .  Radial  l i n e s  
a r e  a l so  seen emanating from the e x i t  po r t  and are bel ieved t o  be caused by' 
l a t t i c e  s t r e s s .  No d i r e c t  evidence of T i  metal o r  any compounds was found. 
It is not surpr i s ing  t h a t  S i  is seen here because it is known t h a t  some S i  
i s  removed from the c e l l  during the  scraping operation. 

It was f e l t  t h a t  t h i s  mater ia l  should be 

In summary, the  x-ray results t o  date have i d e n t i f i e d  t h e  presence of 
c r y s t a l l i n e  Ag i n  t he  s o l a r  c e l l  contact  and a l s o  the  underlying S i .  
not ,  on the  other  hand, detected any T i  i n  i t s  bulk c r y s t a l l i n e  f a r m ,  o r  
the  exis tence of any in t e rme ta l l i c  or other  compounds of T i  or  Ag. 
be cautioned, however, t h a t  these r e s u l t s  do not  necessar i ly  mem t h a t  there  
i s  no T i  metal o r  compounds present  i n  the  Ti-Ag contact ,  b u t  only t h a t  they 
do e x i s t  i n  a s u f f i c i e n t l y  well-defined o r  c r y s t a l l i z e d  state t o  exh ib i t  
c h a r a c t e r i s t i c  x-ray d i f f r a c t i o n  e f f e c t s .  

It has 

It should 
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Figure 8 A powder 
S i  l i n e s  
Exposure 

came 
and 
time 

ra p a t t e r n  revea ls  charac 
s t reaking about the  e x i t  
of 24 h r  a t  30 keV. 

: ter is t  ic  
por t .  



Electron Microprobe Analysis.- The e l ec t ron  microprobe i s  a sens i t i ve  
ana ly t i ca l  t o o l  f o r  de tec t ing  small q u a n t i t i e s  of mater ia l s  by charac te r i s - -  
t i c  x-ray emission. A 20 keV e l ec t ron  beam having an extremely small dia-  
meter of 2 p impinges on t h e  sample under study and produces x-rays when 
atoms, exc i ted  by t h e  primary e lec t ron  beam, r e tu rn  t o  t h e i r  ground s t a t e .  
The sampling depth is of t h e  order o f  several microns and is  s e n s i t i v e  t o  
a l l  bu t  the  very l i g h t  elements ( Z  >12). Unfortunately, elements such as 
hydrogen Z = 1, oxygen Z = 8, and ni t rogen ( Z  = 7) a re  very d i f f i c u l t  t o  de- 
t e c t  and even then s p e c i a l  equipment i s  required.  

A number of samples were analyzed by the  e l ec t ron  microprobe a t  the  
University of Minnesota. 
t a c t s ,  t h e  peeled contacts  themselves, and seve ra l  sectioned c e l l s .  The 
r e s u l t s  of probing a peeled c e l l  a r e  shown i n  Figure 9. Here the character-  
i s t i c  x-ray emission response is  shown f o r  S i ,  T i ,  and Ag a t  various random 
pos i t ions  on the  contact region of a peeled c e l l .  Response f o r  100% S i ,  T i ,  
and Ag is  a l s o  shown. In  Posi t ion 1 the  e l ec t ron  beam was j u s t  o f f  t he  con- 
t a c t  region and shows S i  only. 
and Ag a re  found--the exact amount varying w i t h  pos i t ion .  
is l e s s  here because of t he  absorption i n  t h e  Ti-Ag overlayer.  

Among these included s o l a r  c e l l s  with peeled con- 

I n  most of t he  remaining pos i t ions  some T i  
The S i  response 

A peeled contact i t s e l f  was a l s o  analyzed by the  e lec t ron  microprobe. 
In  t h i s  case we f ind  the  exposed in t e r f ace  gave a s t rong Ag response and, 
i n  addition, a weak T i  response. The amount of T i  was i n  t h i s  case con- 
s iderably  l e s s  than t h a t  found on the  in t e r f ace  of a peeled c e l l  such as  
given i n  Figure 9. 
normally high T i  response occurred and i n t e r e s t i n g l y  these  areas  show a 
va r i e ty  of in te r fe rence  colors .  A very weak S i  response w a s  noted i n  only 
a few small, i so l a t ed  regions.  

Several  small  areas  were found, however, where an ab- 

Probing a sectioned c e l l  i s  i n  progress and r e s u l t s  w i l l  be given i n  
t he  next repor t .  

Electron microprobe ana lys i s  has confirmed our e a r l i e r  opinion t h a t  
contact peeling occurs somewhere within t h e  Ti-Ag metal l ized layer  and does 
not occur a t  the  semiconductor (Si)-metal  i n t e r f ace .  This follows from the  
f a c t  t h a t  a r e l a t i v e l y  l a rge  amount of T i  and some Ag remains on t h e  s o l a r  
c e l l  subsequent t o  peel ing.  Microprobe ana lys i s  a l s o  shows t h a t  some mixing 
of T i  with Ag most probably occurs, f o r  both components a r e  general ly  ob- 
served on t h e  two in t e r f aces  exposed by peel ing.  It a l s o  shows t h a t  peeling 
i s  complex i n  t h a t  t he  in te r face  exh ib i t s  varying amounts of T i  and Ag. 
behavior can explain l o c a l  va r i a t ions  i n  o p t i c a l  appearance of t he  i n t e r -  
face,  e .g . ,  i n  in te r fe rence  colors .  F ina l ly ,  these resul ts  tend t o  associ-  
a t e  T i  w i t h  in te r fe rence  colors. 

This 
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Figure 9 Electron microprobe r e s u l t s  from a peeled c e l l .  
Both T i  and Ag a r e  found over most of the  peeled 
contact .  



Electron Mirror Microscopy Studies.- The Elec t ron  Mirror Microscope 
(M) is  a research t o o l  s e n s i t i v e  t o  weak e l e c t r i c  and magnetic micro- 
f i e l d s  e x i s t i n g  a t  a sur face .  
face of a specimen and, with a r e t a rded  f i e l d ,  is turned around j u s t  i n  
f r o n t  of t h e  specimen. Surface microf ie lds  a l te r  t h e  e l ec t ron  t r a j e c t o r i e s  
and these are r e f l e c t e d  i n  t h e  s p a c i a l  d i s t r i b u t i o n  of t he  e l ec t rons  as they 
e x c i t e  a f luo rescen t  screen. 

A beam of e l ec t rons  is  d i r ec t ed  a t  t h e  sur- 

A s o l a r  c e l l  with contacts  i n t a c t  w a s  i n i t i a l l y  placed i n  the  EMM f o r  
study. It w a s  soon r e a l i z e d  t h a t  t h e  c e l l  contacts  exhibi ted an unusual 
property.  By b i a s i n g  the  c e l l  p o s i t i v e  with r e spec t  t o  the  cathode of t h e  
e l e c t r o n  gun and thereby causing e l ec t rons  t o  impinge on the  ce l l ,  w e  found 
regions on t h e  contact  t h a t  charged up as good insu la to r s  w i l l  do.* 
b ias ing  s l i g h t l y  negative,  these regions r e t a ined  t h e i r  charge f o r  times of 
t h e  order  o f  minutes. Figure 10a shows a region of a contact  i n  t h e  charged 
s t a t e .  Figure lob i s  t h e  same region i n  the  discharge s ta te .  Scanning t h e  
s t r i p  contact  and g r i d  l i n e s  revealed a number of t hese  unusual regions. 
Subsequently several o the r  c e l l s  have been examined i n  the  E51M including a 
c e l l  with peeled contacts  and a sect ioned c e l l .  Some charging e f f e c t s  are 
seen with t h e s e  ce l l s  b u t  it is  n o t  nea r ly  so  ev ident .  

By 

The o r i g i n  of t h e  charging phenomena is n o t  exac t ly  clear a t  t h i s  time 
although it d e f i n i t e l y  ind ica t e s  t he  presence of some d i e l e c t r i c - l i k e  sub- 
s tance within t h e  contact  layer. It suggests possibly t h e  exis tence of some 
foreign matter such as dust  p a r t i c l e s ,  r e s i d u a l  photoresis t ,  or possibly 
the  formation of a d i e l e c t r i c  compound of ,  e .g . ,  T i .  We had expected a 
r a t h e r  uniformly pronounced charging i n  t h e  case of a peeled ce l l ,  i f  a d i -  
e l e c t r i c  compound w a s  a c t u a l l y  formed by T i ;  but,  as mentioned above, t h e  
charging behavior was not  nea r ly  so  pronounced. Possibly t h e  high e l e c t r i c  
f i e l d  e x i s t i n g  a t  t h e  surface may, i n  t h e  case of  a peeled ce l l ,  break down 
t he  d i e l e c t r i c .  Additional s tud ie s  are required t o  c la r i fy  t h i s  po in t .  

A sectioned c e l l  was forward b iased  s e v e r a l  amperes while viewing t h e  
p-n junct ion and metal l ized contact  region. 
junct ion is  r e a d i l y  d i sce rn ib l e  and although not  highly conclusive as ye t ,  
t he re  appears t o  be a small and abrupt IR drop i n  t h e  metall ized layer. 
This i s  observed by mechanically puls ing t h e  cu r ren t  through t h e  c e l l  and 
noting the  change i n  c o n t r a s t  of t h e  EMM image. 

The vol tage drop across  the  

*Since t h e  time of t h i s  wr i t i ng  it was learned t h a t  t h e  S i 0  l a y e r  i s  

mena described here  is  caused by t h i s  material. 
deposited onto t h e  Ti-Ag g r i d  l i n e s .  It may be t h a t  t h e  charging pheno- 
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Figure 10 Evidence of charging is seen from the  dark region 
which extends across the g r i d  l i n e  i n  (a ) .  
same area  i s  viewed i n  (b)  under a discharged 
condi t ion. 

The 



Auger/LEED Studies., A p a r t i a l l y  degraded ce l l  with contacts  i n t a c t  
was placed i n  the ultrahigh-vacuum, low-energy e l ec t ron  d i f f r a c t i o n  (LEED)' 
sys t e m  and Auger electron-spectroscopy measurements a r e  present ly  being made 
on the  Ti-& contact .  
surface ana lys i s  whereby Auger e lec t rons  emitted from a surface under e lec-  
t ron  bombardment a r e  used t o  i d e n t i f y  t h e  composition of t h e  outermost f e w  
surface monolayers. Because Auger e lec t rons  possess well-defined energies  
c h a r a c t e r i s t i c  of t h e  material from which they  or ig ina te ,  surface composition 
ana lys i s  can be r ea l i zed  by recording the  ener-gy spec t r  m of t h e  emitted 
e lec t rons .  Harris(1) and more recent ly  Weber and PeriaY2) have described 
seve ra l  p r a c t i c a l  schemes f o r  measuring energy d i s t r i b u t i o n  spec t ra .  
using e s s e n t i a l l y  the  technique of Weber and Per ia  which employs a LEED tube. 

Auger spectroscopy is  a r a the r  new development i n  

We are 

The c i r c u i t  employed i n  Auger measurements is shown i n  Figure 11. A 
1500 eV beam of e lec t rons  is incident  on t h e  surface of t h e  t a r g e t  under 
study (Ti-Ag contac t )  and crea tes  a number of Auger e lec t rons  within the 
t a r g e t .  
energy of t he  e j ec t ed  Auger e lec t rons  is  likewise modulated. 
i s  grounded and allows e lec t rons  w i t h  energies g rea t e r  than some minimum 
value t o  pass through the  gr id  and be co l lec ted  on % e  f luorescent  screen. 
The minimum e lec t ron  energy i s  determined by the  0-750 V dc programmable 
voltage supply. 
screen appears as an ac vol tage across the  1 0 h r e s i s t o r  which is  subse- 
quently amplified by the  Princeton Applied Research (PAR) lock-in ampl i f ie r .  
The e lec t ron  energy d i s t r i b u t i o n  curve, ??(E), is  obtained by tuning the  
lock-in amplif ier  a t  t h e  fundamental modulating frequency ( -200 Hz) and 
recording t h e  output of t he  amplif ier  on the  Y-axis of the  X-Y recorder 
while slowly scanning the programmable supply i n  t h e  0-750 V range. Auger 
emission is revealed as peaks t h a t  develop on t h e  N(E) curve. Auger peaks 
a re  of ten  small  and d i f f i c u l t  t o  de tec t  on the  N(E) curve and therefore  t h e  
der iva t ive  (E) i s  general ly  recorded. This is simply done by tuning t h e  

lock-in ampl i f ie r  t o  t h e  second harmonic of t he  fundamental frequency and 
displaying i t s  output s igna l  on the  Y-axis of t h e  recorder as  before.  

By applying a small  s inusoida l  vol tage t o  the  t a rge t ,  t h e  k i n e t i c  
The outer  g r i d  

The r e s u l t i n g . a c  cur ren t  co l lec ted  on the  f luorescent  

The object ive of t he  Auger measurements is t o  d e t e c t  possible  oxides, 
n i t r i d e s ,  o r  other  l i k e l y  contaminants i n  the  Ti-Ag contacts .  We have seen 
t h a t  e lec t ron  microprobe ana lys i s  is no t  s ens i t i ve  t o  the  l i g h t  elements 
(ZC12).  
elements. Harr i s71  has  tabu a ed Auger energies f o r  a l a rge  number of 

cubic c r y s t a l s  such as Cu and Ag. 
i n t e r e s t  here a r e  shown i n  Table 1. 

Auger s ectroscopy is, on t h e  other  hand, s ens i t i ve  t o  the  l i g h t  

elements. Palmberg and Rhodin t ' j  3 have looked s p e c i f i c a l l y  a t  face-centered 
Auger energies  f o r  a few elements of 
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TABLE l.-AUGER ELECTRON ENERGIES OF A FEW ELESIENTS 

E l e  m e n t  Auger Energy ( eV)  

Ag 80, 268, 308, 362 

C 270 
0 5 10 
N 382 
B -180 
C l  -180 

T i  -370, 415 
S i  glJ I595 

r-- 

Figure 12 i s  an Auger spectrum from a Ti-Ag contact  taken during t h e  
i n i t i a l  stages of t h i s  work. 
t o  several low-energy A r  ion bombardments which served t o  c lean t h e  contact  
of r e s idua l  impuri t ies  by sput ter ing.  
t h e  spectrum of Figure 12, as v e r i f i e d  by recording two or more times. 
peaks a t  77, 264, 300, and 357 eV (measured a t  t h e  po in t  of maximum negative 
s lope )  are due t o  Ag. 
The 90 eV peak is  known t o  be due t o  S i ,  which is apparent ly  back s c a t t e r e d  
onto t h e  contact  during t h e  A r  sput ter-cleaning treatments. 
2-83 eV i s  bel ieved t o  b e  due t o  e i t h e r  c l o r i n e  or boron. 

The s o l a r  c e l l  with contact  had been subjected 

Reproducible s t r u c t u r e  w a s  found i n  
Auger 

Auger peaks are a l s o  seen a t  90, 127, and 1.83 eV. 

The peak a t  

The s o l a r  c e l l  sample i s  p resen t ly  being given a s e r i e s  of spu t t e r -  
s t r i pp ing  treatments and t h e  Auger spectrum is  subsequently recorded i n  t h e  
region of t h e  contact  after each treatment.  
contact  is t o  sample t h e  composition of t h e  contact  i n  depth f o r  Auger 
spectroscopy samples only the  f i rs t  few surface monolayers. I n  t h i s  way it 
should be possible  t o  obtain a composition p r o f i l e ,  provided t h e  s p u t t e r -  
s t r i p p i n g  process does no t  s e r ious ly  a f f e c t  t h e  surface composition. It i s  
not clear a t  t h i s  time i f  spu t t e r ing  affects  t h e  composition. 
does a l t e r  it t o  some exten t ,  gross contaminants such as oxygen or nit rogen 
should s t i l l  be ev ident .  

The purpose of s t r i p p i n g  t h e  

Evenif it 

P o t e n t i a l  Probing.- Contact peel ing i s  known t o  have a ca t a s t roph ic  
e f f e c t  on t h e  e l e c t r i c a l  con t inu i ty  of t h e  s o l a r  c e l l  contacts .  It w a s  of 
i n t e r e s t  t o  determine whether contact  degradation might be r e f l e c t e d  i n  t h e  
e l e c t r i c a l  conduct ivi ty  of t h e  contact  p r i o r  t o  peeling. 
probing experiments were performed on several cel ls  f o r  t he  purpose of 
evaluat ing t h e  e l e c t r i c a l  p rope r t i e s  of t h e  Ti-Ag contacts .  In  one study a 
c e l l  with contacts  i n t a c t  was forward b iased  a t  a vol tage s u f f i c i e n t  t o  pass, 

Some p o t e n t i a l  
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i n  one case, 1 A through t h e  c e l l  and, i n  a second case,  100 mA. The ob- 
served p o t e n t i a l  p r o f i l e ,  as measured by probing t h e  Ti-Ag contact  with a 
f i n e  wire, i s  shown i n  Figures 13 and 14, r e spec t ive ly .  A l l  vol tages  are 
expressed i n  m i l l i v o l t s .  This p a r t i c u l a r  c e l l  exhibi ted a low e f f e c t i v e  
s e r i e s  r e s i s t ance  of 0 . l Q  as measured by t h e  I-V c h a r a c t e r i s t i c s .  Several  
observations can be made from t h e s e  f i g u r e s .  F i r s t ,  vol tage drops do develop 
along the  Ti-Ag ohmic contact  s t r i p  and g r i d  l i n e s ,  although they are no t  
excessively high i n  t h i s  case.  
d i s t ance  b u t  v a r i e s  approximately as t h e  square of t h e  dis tance along t h e  
contac t .  
t i c a l  grounds. 
estimated from t h e  p o t e n t i a l  p r o f i l e  and con tac t  dimensions. 
out t o  be only a f a c t o r  of t h ree  higher than t h a t  ca l cu la t ed  under t h e  
assumption t h a t  contact  i s  pure Ag. 

Second, t h e  vol tage drop is not  l i n e a r  with 

It can be r e a d i l y  shown t h a t  t h i s  behavior i s  expected on theore- 
Third, t h e  res i s t iv i ty  of t h e  Ti-Ag contact  can be roughly 

This t u r n s  

Additional p o t e n t i a l  probing experiments on sect ioned ce l l s  are i n  pro- 
g re s s  and w i l l  be  reported i n  the  Second Quarterly Report. 

Scr ibing Experiments.- A f e w  s c r i b i n g  experiments were made on a 
peeled c e l l  for t he  purpose of evaluat ing t h e  hardness of t h e  r e s i d u a l  con- 
t a c t  material t h a t  remains on t h e  c e l l .  I n i t i a l  work w a s  done with a d ia -  
mond sc r ibe .  Photographs of the  sc r ibed  l i n e  t h a t  runs across  a peeled con- 
tact  are shown i n  Figures l5a (50 g load)  and l5b (25 g load) .  Figure 16a 
(16 g load)  w a s  unusual i n  t h a t  it shows evidence of some fo ld ing  back o r  
peel ing of t h e  residual contact  material. Figure 16b shows the  r e su l t  of 
s c r ib ing  a number of times with a W probe a t  a load of 100 g. 
t h e  S i 0  l aye r  i s  no t  affected while the  scribe l i n e  appears t o  be seen i n  
t h e  contact  region. 

In  t h i s  case 

This work is  i n  a very preliminary s t age  and the re fo re  w e  do not  wish 
t o  draw any conclusfon as yet .  

Surface Relief Features.  - Optical  s tud ie s ,  t h e  e l e c t r o n  microprobe 
r e s u l t s ,  and o the r  f indings have shown t h a t  a c e r t a i n  amount of contact  
material remains on the  c e l l  after the  contact  has separated by  peeling. 
A surface r e l i e f  study w a s  conducted on t h e  g r i d  l i n e s  of one c e l l  f o r  t h e  
purpose of i nves t iga t ing  t h e  surface topography i n  the  region of a peeled 
contact.  A Taylor-Hobson I'Talysurf'' su r f ace  measuring instrument w a s  em- 
ployed i n  t h i s  study. The pick-up probe w a s  scanned across a g r i d  l i n e  a t  
an oblique angle i n  order t o  expand t h e  dis tance o,f travel.  
a t y p i c a l  recording taken a t  a s e n s i t i v i t y  of 400 A/div. 
ment of t h e  c e l l  gives  rise t o  t h e  o v e r a l l  s lope a t  t h i s  high s e n s i t i v i t y .  
The dashed l i n e  gives  approximately the  level of t h e  underlying S i  surface 
(as determined by drawing a l i n e  between t h e  two po in t s  on t h e  recording 
indicated by S i ) .  
t he  Ti-Ag contact.  
of t he  contact  than i n  t h e  c e n t r a l  region. This f ind ing  is  a l s o  evident i n  

Figure 1.7 shows 
A s l i g h t  misalign- 

This p a r t i c u l a r  c e l l  had Siexposed between the  S i 0  and 
S i g n i f i c a n t l y  more con tac t  ma te r i a l  is noted a t  the  edge 
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Figure 13 Po ten t i a l  p r o f i l e  of  t h e  Ti-Ag contacts w i t h  1 A cur ren t  
flowing through t h e  ce l l .  The p o t e n t i a l  i s  measured 
wi th  respect t o  t h e  soldered lead. 
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Figure 14 Potential prof i le  of  the Ti-Ag contacts with 100 mA current 
flowing through the ce l l .  The potential is  measured with 
respect t o  the soldered lead shown a t  the lower right.  
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Figure 1-5 A diamond sc r ibe  l i n e  t r a v e r s i n g  a peeled g r i d  
l i n e  under (a )  50 g load, (b)  25 g load. 
Magnification is l5OX. 



Figure 16 In (a) a diamond scribe line under 15 g load shows 
some folding back of the remanent contact material. 
Magnification is 32OX. 
a peeled cell with a W point under a 100 g load is 
shown. Magnification is 80X. 

In (b) the effect of scribing 
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Figure 17 A Talysur'f recording showing the surface r e l i e f  
f ea tu re  of a peeled g r i d  l i n e ,  The dashed l i n e  
i s  drawn i n  t o  show roughly the  loca t ion  of the 
Si-metal  contac t  in te r face .  



t he  photomicrographs of Figures 15 and 16. 
explained i n  p a r t  by t h e  f a c t  t h a t  t h e  T i  layer tends t o  be drawn i n  a t  t h e  
edge of t h e  contact,  as pointed ou t  e a r l i s r .  The thickness of t h e  residual 
contagt material varies from roughly 500 A i n  t h e  c e n t r a l  region t o  roughly 
1500 A a t  t h e  edge. 

This behavior may a t  least  be 

I - V  Character is t ics . -  I - V  c h a r a c t e r i s t i c s  were recorded on several 
c e l l s  which had t h e i r  Ti-Ag contacts  i n t a c t .  The I - V  c h a r a c t e r i s t i c s  did 
not show any unusual behavior and the  e f f e c t i v e  series r e s i s t ance  was low 
( < x n  >. 

Power Dissipat ion Experiments .- It was t h e  purpose of t h i s  s tudy t o  
note any unusual hea t ing  e f f e c t s  when a l a r g e  forward cu r ren t  was caused t o  
flow through the  ce l l .  A l oca l i zed  region exh ib i t i ng  an abnormally l a r g e  
r e s i s t ance  t o  cu r ren t  flow would give Joulean heat ing.  Some ce l l s  were 
coated with a temperature-sensit ive p a i n t  (Detect0 Temperature Pa in t  No. 
915-0900) while o the r s  were immersed i n  water or alcohol.  I n  t h e  former 
case, excessive hea t ing  w a s  noted by t h e  change i n  co lo r  of t h e  coat ing 
(pink t o  b l u e )  and t h e  l a t te r  case by t h e  appearance of bubbles t h a t  form 
on the  c e l l .  A forward current  of t h e  order of 5 t o  10 A w a s  used. Ex- 
cessive heat ing almost invariably occurred i n  t h e  v i c i n i t y  of t h e  ohmic 
s t r i p  contac t .  I n  a f e w  cases hea t ing  appeared along the  g r i d  l i n e s  and 
extreme edge of t h e  c e l l .  These r e s u l t s  do no t  imply t h a t  abnormally high 
r e s i s t ance  occurs i n  the  v i c i n i t y  of t h e  ohmic s t r i p  contact,  because t h e  
current  i s  a maximum i n  t h i s  region. Hence it i s  f e l t  t h a t  t h i s  study did 
not  r evea l  any abnormal behavior. 
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SECTION I11 

New Technology 

A l l  t h e  research too l s  and techniques employed i n , t h i s  s tudy program t o  
da te  a r e  not new technology developed under t h i s  cont rac t  and the re fo re  
t h e r e  is none t o  r epor t  here. 



SECTION IV 

Program f o r  t h e  Next Reporting Period 

The program f o r  t he  second qua r t e r  of Contract NAS5-11595 w i l l  very 
l i k e l y  include: 

1) AugerlLEED s tud ie s  on Ti-Ag contacts  as prepared by spu t t e r -  
s t r i p p i n g  treatments and on a peeled i n t e r f a c e  as prepared 
by peel ing a contact  j u s t  p r i o r  t o  placing i n  the  ul t rahigh-  
vacuum system. 

2 )  EMM inspect ion of sect ioned c e l l s .  

3) P o t e n t i a l  probing of sectioned ce l l s .  

4)  Preparation of T i  films on S i  subs t r a t e s  with possibly Ag 
overlayers f o r  t he  purpose of evaluat ing t h e  effects  of high 
humidity and temperature on t h e  property of t hese  f F l m s .  

5 )  I n i t i a t e  sput ter-deposi t ion of T i  and Ag (and possibly other  
metal combinations) on S i  substrates and on S i  solar c e l l  
blanks as described i n  Task 3 of t h e  Technical Proposal Ho. 
TP- 3074. 

6 )  Other r e l a t e d  s tud ie s  including add i t ion  sc r ib ing  experiments 
and e l e c t r o n  microprobe ana lys i s .  



SECTION V 

Conclus ions 

It has become apparent during t h e  fFrst  three-month study program t h a t  
contact  degradation proceeds from within t h e  Ti-Ag contact  and t h a t  contact  
separat ion occurs somewhere i n  the  v i c i n i t y  of t he  Ti-Ag i n t e r f a c i a l  region, 
although no t  sharply defined. Interference co lo r s  found on the  peeled in-  
t e r f a c e  suggest t h a t  some relat ively t r anspa ren t  compound, as y e t  t o  be 
iden t i f i ed ,  has formed i n  t h i s  c r i t i c a l  region and t h i s  i s  very  l i k e l y  a 
compound of TT, as t h i s  element i s  known t o  be highly reactive. X-ray d i f -  
f r a c t i o n  studies were not  successful i n  de t ec t ing  any we l l - c rys t a l l i zed  
i n t e r m e t a l l i c  compounds o r  oxides, n i t r i d e s ,  e t c . ,  and t h i s  negative r e s u l t  
suggests t h a t  t he  compound e x i s t s  i n  an amorphous state.  The compound i n  
quest ion appears t o  have in su la t ing - l ike  propert ies  as shown by EMM inspec- 
t i o n .  This property has not been revealed i n  t h e  f e w  e l e c t r i c a l  measurements 
conducted i n  t h i s  laboratory,  although detailed s tud ie s  performed a t  NASA- 
Goddard l a b o r a t o r i e s  have revealed an  increase i n  c e l l  series r e s i s t ance  
with contact  degradation. 

One of t h e  prime object ives  of forthcoming studies w i l l  be t o  i d e n t i f y  
the  atomic cons t i t uen t s  i n  t h e  region of contact  separat ion.  We a r e  hopeful 
t h a t  Auger spectroscopy w i l l  s i n g l e  out a fo re ign  cons t i t uen t  such as oxygen, 
nitrogen, or possibly hydrogen. 
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